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A FEASIBLE UTILITY SCALE SUPERCONDUCTING MAGNETIC ENERGY STORAGE SYSTEM
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D. W. Lieurance
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Th:.a paper presenta the latest design features and
esvinated costs of a 5000 Mdh/1000 MW Superconducting
Magvetic Pnergy Storage (SMES) plant. SMES is pro-
posec as & coanercially viable techmology for electric
utility load leveling. The primary advantage of SMES
over other electrical epergy storage technologies 1is
its high net -oundtrip efficicncy. Other features in-
clude rapsid asvailability and lov maintenance and
operating costs, Ecomomic comparisous are aade with
other eanergy storage opiisas and with gas turbines.

In & diurnal load leveling application, a superconduc-
ting coil can be charged from the utrility grid during
off-peak hours. The ac grid is counnected to the dc
magnetic coil through a powvar conversion systea that
includes an ioverter / rectifier. Once charged, the
superconducting coil conducts curreot, which supports
an electromagnetic field, with virtually no 1lesses.
During hou:s of peak load, the stored energy is dis-
charged to the grid by reversing the charginy pro-
cess. The principle of operation of a SMES unit {1»
shown in Pig. 1. For operation {n the superconducting
mode, the coil {s maintained at axtresely low tempera-
ture by immersion in a bath of liquid helium.

DESCL.IPTION

The 35000 MWh/1000 MW SMES plant consists of a 336
turo, 4 radia: laver series—wound solenoidal coil and
all necessary rupport systema, The coil lias &n aspect
ratio of 0.019 (19 meters high and 1000 meters in
diaseter) and is housed in a ecircular bedrock trench,
which provides support for the coil atructure against
radial wmaguetic forces. Pig. 2 1is a cut-away viev
showing the coil and related components.

The coil employe s 200 ki conductor made of copper/
giobius—titanium superconduc.or imbedded 1in & high
purity alumious atabiliearl. The cooductor s posi-
tioned in an slloy alumioum structure which supports
¢he ronductor against magnatic 1loads. The coil
o»e.ated iu & superfluid helium bach at 1.8 K and one

stmosphera. The belius is muintained at 1.8 K by a
refrigeration aystea. To minimise convective and
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radistive heat transfer the helium vessel is enclosed
in & vacuuas vessel fitted with radiation shields.
Design of the SMES plant iancludes a system for pro-
tection of the coil 1a the event of an emergency
ahut-down while thae coil 4is charged. The 1liquid
belium is resoved and the stored energy is dissipated
in the coil materials, warming the coil safely to
asbient temperature.

Operation of the plant 1is relatively simple. The
charge and discharga rates are countrolled resotaly by
the urility, while the refrigeratirn system requires
local contrrcl. Diwpatch afficiency 1s 94%. There-
fore, a SMES plant 1s economical to dispatch wiien the
cost of peaking power aezceeads tha cost of base-load
pover by only 6 percent, as compared to a 30 o 30
percant differential requirad for other enargy storage
technologies. Toctal nmnergy efficiency 1is adout 91X,
Construction of a 5000 Mwh plant is estimated to taie
twvo years and cost approximately $961 million 1n 1984
dollars. This cost is competitive with other enargy
storage techoologias.

Work to date has identified oc unresolvadle tachnical
issuea, although detailed engineering work remains
prior to demonstration and commercial application of
this tecbnology. Puture efforts will focus oo astab—
lishing definitivaly the cost of SMES as function of
stored energy, design and construction of an engi-
neering prototype, and aaterials research and develop-
ment that may result in additional cost reductions,
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Abstract - This paper presents the latest design
features and estimated costs of s 5000 MWh/1000 MW
Superconducting Mzgnetic Pnergy Storage (SMES) plant.
SMES is p:soposed as a comaarcially viable technology
for electric urility load 1leveling. The primary
advantage of SMES over other electrical energy
storage tachnologies is 1its high net roundtrip effi-
ciency. Other features include rapid svailability and
lov maintenance and operating costs. Econoaic coa-
parisons are made with othar energy atorage optioms
and with combustion turbines.

INTRODUCTIOK

In a diurnal load leveling application, a super-
ronducting coil can be charged from the utility grid
during off-peak hours. The ac grid is cononected to
the dc smagnetic coil through a power couversion systea

(PCS) that includes an inverter/rectifier. Once
charged, the superconducting coil conducts current,
which supports an electromagnetic field, with vir-

tually no losses. During hours of peak 1load, the
stored enargy is discaargad to the grid through the
PCS by re.«rsing the charging process. The principle
of oparation of & SMLS unit is shown 1in Pig. 1. PFor
operation in the superconductiug node, the coil is
aaintained at extremely low tempsrature by immersiom
in a bath of 1liquid helfun.
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Fig. 1 SMES Principle of Operaticn
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To ve feasible, a utility scale SMES plant should
have a low sspect ratio (coil height/coil dianmeter) so
that it can be constructed in an oper trench [1,2]).
This paper briefly reporca & SMES design concep:
resulting from two DOE-fundad studies having the goal
of 1identifying. developing and quantifying a low
ispect ratio syrtem configuration that is technically
feasible and would have a commercially viadle capital
cost [3,4).

DESCRIFPTION

The 5000 MWh, 1000 MW SMES piant design consists
of a 5% turn, four radial layer, superconducting
solenoidal coll plus all nccessary support svateas.
Pigure 2 shows & “bird's eye™ view of the plant and
Pig. 3 1s a cut-avay view ghoving the coil and related
componants.

The coil employs a 200 kA conductor made of
copper/niobium-titanium superconductor stabillzed by
Figh purity alumainua. The couductor is positioned lno
an alloy alumioum structure (couductor support
assenbly) which supports the conductor against mag-
netic loads. The coil operates in a superf.uid heliun
bath at a nominal teaparatura of 1,8 K and a nomiaal
preassure of obe atsosphera. The helium, contained by
a vessal surrounding the coll, is maintained at 1.8 K
by a refrigeration syrtem. To elimipate =onvective
heat transfe: the helium vessel 1is surrounded by a

vacuums. To nmninimize radiastive heat transfer, two
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F1g. 2 Overall Plan View of tha 3000 MVh SMES Plant



fixed teiperature shields are located between the cold
helium vessel wall and the ambient temperature vacuum
enclose. To niniaize conduction heat transfer, the
struts arc also fitted with fixed tenperature heat

intercepts. The shield and strut intercept teapers-
tures are maintained by active cooling., Over 24 hours
the refrigerators consume energy equivalent to 2
percent of the usable coil charge.
ColL
The coil is @& series—wound solenoid, with an
sapect ratio of 0.019, and an Inductance of 945

Henries. Srored energy of the coil at full and mini~
sum charge is 3250 MWh and 230 MWh, respactively. The
coil, wound at a diamarer of 1000 m 1is housed in a
circular bedrock trench, which provides ultimate
support for the coil structura against radial loads.
The coil is supported over its full height from both
the inner and sutar trench walls by radial strutas, the
spacing of these struts is determined by allowable
stresses in the conductor support assembly. VWhen
charged, the magnetically induced outward radial force
is transmitted to the outer trench wall. Whea fully
discbarged, the radfal load 1s directed inwvard and is
transmitted to the inoer trench wall. The inward load
is tha result of thermal hoop stresses fros cooling
the stationary coil. Axial loads are borne intermally
by the coil winding structure. 4 plaa viewv showing a
coil segment, helium vessel, struts, and vacuum enclo-
sure is given in Fig. 4.

Each winding consists of a conductor and a conductor
support assembly. The coil turns are electrically
isolated from one snothar by vertical and horizontal
insulator sheeta. Figure 3 showve ths coil winding
pattern and series connections batveen radial layers.
This parallel helix winding pattern was selected in
preference to s pancake pattern primarily because it
simplifies design of the conductor support assembly

and permite radial gradiog of the superconductor
content in the conductor} however, other benafity
accrua,
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Fig. 5 Radial Liyer Coonection Pattern

A schesatic alagram of the conductor configuration
is shown in Pig. 6. It cousists of atout one hundred
= 1 mm superconductor strands imbedded in the surface

of a rectangular, high-purity alumicum stabdiliser,
Por ruggedness, the zomductor 14 90X coverad with
thin, high strength aeluminum overvrap. The aspect

ratio of the conductor varies with locarion ia the
coil to a:commodate bearing loads and to minimise AC
losseas. Mazimum average AC 1lossas arxpacted for this
conductor is expected to ba 2.6 kW, aud are dominated
by coupling losses.
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CONDUCTOR SUPPORT ASSEMBLY

The conductor support assembly, detailed 1in Pig.
7, consists of & box shell and axial support members
within the box shell., All enclosed voide are filled
with heat absorbing material, probably tar, The box
shell 12 subject to tensile streas due to cooldown,
bending stresses, and radial compressive streas. The
axial support sesbers inside of the box shell are not
mechanically continuour in the circuaferential direc-
tion and are therefore stressed only by radial bending
acd cumulative axial compressive loads., This decoup-
ling of cooldown stresa frca axial stress in a key
feature of the design.

FPigure 8 shows the coil winding insulat.r detail.
Rach winding is Jusulated radially by vertical insula-
tors and arially by borirontal iisulators spapning the
width of the coil. Racesses are machined or molded in
the horizontal insulators so that the axial compres-
sive forces will be borne only by the axial support
compooents of the conductor support assembly. During
oparstion, compression-induced static friction berveen
the insulstors and the conductor support asseablies
transfers tha shear force between adjacent windings
due to bending. Accordingly, no slip hetween com-
pongnts occurs and the four-layer asseablages restrains
radial majnetic loads as a composite beas. The hori-
zontal insulators are constructed of G-10CR glaes
reinforced epoxy, while the vertical imsulators cam be
mady from 1ess expensive material.
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Fig. 7 Co~ductor and Support Agsembly

CoLL PROTECTION

12, for sny resson, part of or all of the conduc-
tor should beg’'~ ro lose 1its superconducting capaciry,
a coil protacti. Jystem is activate! to abut down the
coil. This system simultanecusly dusps the 3 million
ligers of 1liquid helium coolant into a etorsge reser-
voir located below the coil and drives suparconductor
foto & "normal” resistive state with cold helium gas
[3). Oace the supurconductor 1is porsal, curreat 1e
shared between the conductor and the coil winding
structuTe in iuversa proportion to thair resistancas

REAT ARTRARLING

VERT.CAL
INSULATOR

=0R:200TAL
NSuLATOR

ANIAL $UPPORT
wiugEns |

Fig. 8 Coil Cross Section Showing Vertical and
Horizontal Insulator Datail

at their respactive temperatures. The current 1ia
resistively coonverted to bheat, which im absorbed by
the conductor, the coonductor support assembly, and thae
heat absorbing material contained in tha enclosed
voids of the conductor support ascembly. The thermal
capacity of the structure 1is designed to absorb the
tharmal energy without causing thermal or wmechanical
damag> tu the coil. Becayse the conductor fa in good
thermel ceatact with the structure, {ts temparature
rises only slightly ahead of the tempsrature of the
conductor support assembly. Hot spots and excessivae
voltages do pot occur.

OTHER PLANT COMPONENTS

The helium vesnel walls consist of aluaioun
attached to the horicontal G-10CR insulstors. The top
of the helilun vessel 1s restrained against internal

pressura by tie rods extendiny the height of the coil.

Figures J and 4 illustrate the arrangeaent of the
struts relative t» the coil. Bacause the radial
nagnetic force is directed outwvard while the rhermal
ccol-down force is directed invard, the resultsnt can
be aeither ipward or outward depending cn the level of
stored energy. Pegardless of the direction of the oet
radisl force, both ioner and outer struts are always
under cospression, assurad by appropriste pre-
stressing with the shime. The struts sre composed ot
GC-10CR glass-reinforced apoxy panels.

The atmospheric pressure load on the vacuua enclo-
sure is transferred to the coil windipg structure by
the radial struts. No tensile loads ara transmitted
to the trench wall, Pigure 4 shove the arrangesent of
the vacuus enclosure walls. The floor of the vacuus
anclosurs consists of stainless steel plate. Ths top,
also flat, consists of steel sheet welded to the
undarside of baams supported by the concrete padestals.

The BME5 coil 1is located balov grade tu make use
of the sarch as structure for resisting the net radial
loads generated by the coil. The depth of the trench
from grade is about 23 9 and assumes g level aita.
This allowa adequate height for tlLe helium reservoir,
the coil and other hardware. The width of the trench
is 7 m, which allows for the coll, struts, thermal

shields, vacuw enclosure, and vaertical coacrete
padentals.



The inner and outer trench walls are subject only
to compressive loads. The forces applied by the
radial struts are transferred to the trench wall via
vertical concrete pedestals demigoned to load the rgck
to a maxrimuam pressure of 1.92 MPa (20 ton/fté),
This 1limit allows the plant to be sited in igneous,
volcanic or sedimentary rock of moderate strength.

OPERATION AND PERFORMANCE

Normal operation and maintenance for a SMES plant
should be relatively simple. The charge and discharge
rates would be controlled remotely by the wutility
dispatcher. The refrigeration system would require
local comtrel. About 40 equivalent full-time persou-
gel would be required for 24-hour operatiom of the
plant; maintenanze of the refrigaration, vacuum, power
conditioning, and other plant syatesms; and admiaiscra-
tion of tha facility.

In a SMES plact, the major energy loos takes place
at the PCS during coil charge and discharge. Assuming
a 97 percent cme—ay PCS efficiency, the plant could
ba economically d.spatched wvhen the cost of aading
generation exceeds the cost of base-load charging
pover by about 6 percent. This compares to a Trequired
30 to 50 percent differential for other wmodes of
energy storage. Th: magnitude and direction of pover
through the PCS can be changed rapidly (i.e., ic tens
of milliseconds). As a conscquence, a SMES plant
would benafit power system operators by belang used not
only for load leveling, but fur 1load following, as a
swing generator, for epinning reserva, for transient
stability sugmentation, and for subsyochronous reso-
nance damping.

COSTS

Table 1 preseuts tha estisated total capital
requirement at startup including allowance for funds
during construction (AFDC), 4n 1984 dollars. The
estimated cost of a SMES plant capablae of delivering
nomical 3000 MWh deily at a nominal power of 1000 MW
is $961 million. Thiam ipcludes 25 percent contingency
on the coil aad other energy related components and 15
percent contingency os power related components. A
1982 EPRI-fu.ded study (6] states that there wouid be
at least a small market for a nominal 35000 Mwh, 1000
MY SMES plant costing $1000/kW (computed as war-
related costs, $/kW + energy-related costs, lmm x
hours of discharge at full powar) in 1981 dollars.
Vhen computed on the same basis, t}- design reported
herein is estimated to cost $988/kV in 1984 dollars.
Neglecting licensing and land, the overnight construc-
tioo costs are 157 $/kvWh for enmergy relatcd compoments
and 140 $/x¥W for power related compovents, in 1985
dollars.

Pigure 9 comperes currant dollar revenue require-
ments (¢/kWh discbarged) Zor SMES with other near-tars
enargy storage options: Tead acid batte ies, salt-
based compressed air anargy etorage (CAES), under-
grouad pumped bydro (UPH), and with coabustion tur-
biaes (CT). DMecause of 4.s Ligh energy afficiency,
the value of SMES relative to other aenergy storage
technologies and combustion turbines incresses with
the cost of charging electricity and premiwa fuels.
This 3. demonstrated by tha curves in Pig. 10 which
are bamed om incressed rates for charging alectricity
(6 é/hvh ve. ) €/kWh) and patural gas ($12/million BTU
ve. 0§6/million BTU), both fn 1983 dollars. Consid-
ering the time frame during which SMES will be avail-
able (1990'n) and the 30-year projected plant 1ife,
even tuvse vtices fur charging electricity and natural
§a8 are probably lov. Table 2 delipeates the capital
cost inputa, O&M cost imputs, and efficlencies used to
Jerive the ecomomic scresning curves in Pigs. 9 and 10.

. Table 1 Capital Requirement (Millions of vollare?)
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COMMERCIALIZATION POTENTIAL

The work to date has identified no umresolvadle
technical issues, but a significant amount of detailed
engineering work resains prio: to commercial applica-
tion of this technology. Tbe focus of future efforts
should be direacted towards aestsblishing the cost of
SMES as a function of stored emergy, establisghing an
appropriste plant size that would serve as an engi-
neering proto-ype and, materials research and develop~
sent that may result in additional cost reducticms.

Otbher than a small (30 MJ) SMES coil installed and
successfully oparated for 1line stabilization [7), no
SMES plants bhave been bullt to date. However, die to
the high energy efficiency and immediate 1losd fol.ow-
ing capability of the SMES technology, and dus to the
favorable capital costs aow being projected, commar-
cial fpterest in SHMES should grov over the next faw
years.
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